The ability to specify the expression levels of exogenous genes inserted in the genomes of transgenic animals is critical for the success of a wide variety of experimental manipulations. Protein production can be regulated at the level of transcription, mRNA transport, mRNA half-life, or translation efficiency. In this report, we show that several well-characterized sequence elements derived from plant and insect viruses are able to function in Drosophila to increase the apparent translational efficiency of mRNAs by as much as 20-fold. These increases render expression levels sufficient for genetic constructs previously requiring multiple copies to be effective in single copy, including constructs expressing the temperature-sensitive inactivator of neuronal function Shibire ts1 , and for the use of cytoplasmic GFP to image the fine processes of neurons. E lements in the 5′ and 3′ untranslated regions (UTRs) of mRNAs can promote translation and, thereby, increase protein production [reviewed elsewhere (1, 2) ]. The nucleotides in the 5′-UTR immediately upstream of the initiating ATG codon have been shown to profoundly affect the level of translation initiation in vertebrates (3) (4) (5) and Drosophila (6, 7) . In addition, many plant and insect viral mRNAs contain sequences of 20-70 bp in their 5′-UTRs that act in cis to increase translational efficiency (8) (9) (10) , one of the most studied being omega (Ω) from tobacco mosaic virus (TMV) (11, 12) . These translational enhancers can be transferred to other mRNAs and have been widely used to increase protein yields in in vitro extracts derived from cultured insect cells, wheat germ, and rabbit reticulocytes (9, 13, 14) .
Sequence elements within the 3′-UTR, such as the polyadenylation signal (AATAAA) and the "GT-rich" element, contribute to the efficient termination of transcription and polyadenylation (1, (15) (16) (17) (18) . The poly(A) tails themselves are important for mRNA stability (19) and promote translation initiation (20, 21) through cooperative interaction of bound proteins with the 5′ cap (2, (22) (23) (24) . In baculovirus insect protein expression systems, the 3′-UTR from the Autographa californica nucleopolyhedrovirus (AcNPV) p10 gene (25) increases the efficiency of both polyadenylation and expression of heterologous genes relative to the simian virus 40 (SV40) 3′-UTR (26) .
GAL4-or LexA-driven transgenes in Drosophila have generally used the 3′-UTR corresponding to the SV40 early polyadenylation signal (27, 28) . This UTR provides sufficient expression of most transgenes. However, in some cases, greater levels of expression are required; this has generally been addressed by including multiple copies of the transgene in the genome. For example, compared with membrane-localized proteins, cytoplasmic fluorescent proteins require higher levels of expression to achieve similar brightness in fine cellular processes because of unfavorable surface area-to-volume ratios. For this reason, it has not been feasible to visualize the finest processes of neurons with single copies of a gene encoding cytoplasmic GFP (29, 30) . Likewise, effectors of neuronal cell function, such as temperature-sensitive mutants of dynamin encoded by the Shibire gene, can require high levels of protein expression to silence synaptic transmission; for example, the widely used UAS-Shibire ts1 stock (Kitamoto III) (31) contains multiple transgene copies. In addition, although the SV40 UTR provides robust expression in somatic cells, it performs poorly in the female germline (32) .
Previous attempts to increase protein expression levels in Drosophila using posttranscriptional methods have met with limited success. Addition of the WPRE element, a posttranscriptional regulatory element derived from a woodchuck hepatitis virus (33) , to the 3′-UTR increased expression of cytoplasmic GFP by several fold (Ref. 29 and this report), whereas substituting the UTR from the Drosophila his2Av gene for the SV40 UTR yielded a twofold increase in the expression of a transmembrane protein (34) . Inclusion of a small intron in the 5′-UTR also results in a modest increase in expression (29, 34) .
In this report, we demonstrate that sequences derived from the 5′-UTR (8) (9) (10) (11) (12) (13) (14) and 3′-UTR (25, 26) of viral mRNAs, as well as from the abundantly expressed lobster tropomyosin gene (35) , are able to function in Drosophila to enhance protein production. By using 5′-and 3′-UTR elements in combination, increases of >20-fold have been achieved, allowing single transgenes to achieve protein expression levels that previously required multiple transgenes, thereby greatly facilitating genetic strain construction. We also show that the 3′-UTR from the Autographa californica nuclear polyhedrosis virus (AcNPV) p10 gene functions efficiently in the female germline.
Results and Discussion
We first asked whether known enhancers of translation efficiency located in the 5′-UTR would function in Drosophila. We compared six sequences: (i) a 7-bp consensus of sequences upstream of the initiating codon of Drosophila genes, derived by Cavener and Ray (6) , that we had used in previous constructs [for example, pJFRC13 (29) ]; (ii) a synthetic AT-rich 21-bp sequence (Syn21) made by combining the Cavener consensus sequence with elements from the Malacosoma neustria nucleopolyhedrovirus (MnNPV) polyhedrin gene (9); (iii) the 21 bp immediately preceding the initiation codon of the lobster tropomyosin gene [L21 (35) ]; (iv) a 10-bp consensus translation-initiation sequence derived from 23 different AcNPV genes combined with the upstream sequence of AcNPV p10 ATG (10); (v) the 49 bp upstream of initiation codon of the Ecotropis obliqua nucleopolyhedrovirus (EoNPV) polyhedrin gene (9) ; and (vi) the 68-bp Ω element from TMV (11) . These constructs are diagrammed in Fig. 1 . Fig. 2 shows the expression patterns observed when each of these constructs is driven by R66A12-GAL4 (36) . When crossed to our standard cytoplasmic GFP reporter (pJFRC13), R66A12-GAL4 drove moderate expression in a pair of neurons in each segment of the larval ventral nervous system ( Fig. 2A) . Addition of each of the translational enhancers to pJFRC13 increased the level of GFP expression in these cells to a similar extent and also To whom correspondence should be addressed. E-mail: rubing@janelia.hhmi.org.
revealed weakly expressing cells that were barely detected with pJFRC13 ( Fig. 2 B-F) . We chose to use the Syn21 sequence in future constructs because its small size facilitates incorporation into transgenes using oligonucleotide synthesis.
We next turned our attention to the 3′-UTR. We determined the effects of adding the WPRE element upstream of the SV40 3′-UTR and of replacing the SV40 UTR with that of the AcNPV p10 gene in the context of pJFRC13 ( Fig. 3 A and F; see diagram in Fig. 1 and Table 1 for more details on the structure of these constructs). Confirming our previous results (29) , adding the WPRE to the 3′-UTR (Fig. 3 B and G) produced a significant increase in GFP expression; the increase appeared similar to that obtained by including the Syn21 sequence in the 5′-UTR (Fig. 3 C and H). Replacing the SV40 3′-UTR with that of the p10 gene had an even larger positive effect (Fig. 3 D and I) . The combination of the Syn21 element in the 5′-UTR with the WPRE element did not give any increase in expression over Syn21 alone, but its combination with the p10 3′-UTR produced the highest levels of expression ( Fig. 3 E and J) .
We quantified these expression levels in two ways. Firstly, we used quantitative confocal microscopy. Five nervous systems of each genotype were optically sectioned at constant gain through the abdominal region that contained the cell bodies shown in Fig. 3 A-E to record the level of native GFP fluorescence. Five to 10 cell bodies were chosen from each confocal stack and the average pixel intensity within the brightest optical section for each cell body was determined. The average cell body intensity was then calculated for each nervous system, and a final average then computed for each genotype. Addition of the WPRE element increased expression to 6.1 times that observed for pJFRC13, Syn21 resulted in a 7.5-fold increase, and the p10 3′-UTR yielded a 23-fold increase. Secondly, we measured expression levels by measuring the GFP fluorescence in extracts prepared from dissected nervous systems and subjected to native polyacrylamide gel electrophoresis (see Methods for details). In this assay, we used R57C10-GAL4 (36), a neuronal synaptobrevin promoter-fusion GAL4 line that is expressed very broadly in the nervous system. Syn21 increased expression of GFP by a factor of 7.4 ± 0.3 (n = 3); the p10 3′-UTR increased expression by a factor of 16.9 ± 0.9 (n = 3); and, in combination, Syn21 and the p10 3′-UTR increased expression by a factor of 22.4 ± 4.3 (n = 3). These results are consistent with those obtained by quantitative microscopy and confirm that the p10 3′-UTR can increase protein expression by more than a factor of 10 on its own and by a factor of 20 when in combination with the 5′-UTR element Syn21.
In certain cases, it has not been possible to obtain sufficiently high expression of a protein from a single transgene, requiring the insertion of the transgene at multiple chromosomal locations. However, the requirement for multiple gene copies greatly complicates the generation of complex genotypes, where many different transgenes must be brought together in the same animal. The higher levels of expression that we have demonstrated from single transgenes that incorporate the Syn21 and p10 Fig. 1 . Structures of UAS-GFP constructs used in this study. Most components have been held constant and correspond to those in the previously described pJFRC13 vector (29) , including the binding sites for the transactivator GAL4 (10XUAS), the promoter (a fragment of the hsp70 gene), a small intron (IVS; derived from the Drosophila myosin heavy chain gene), a GFP coding region optimized for Drosophila codon use, and the transcription terminator sequence derived from SV40. The sizes of these components are indicated. In the constructs used to assay the effects of 5′-UTR elements on GFP levels (see Fig. 2 ), the nucleotides immediately upstream of the ATG initiating codon of GFP in pJFRC13 have been replaced. The nucleotide sequences of this region, which spans from the end of the IVS (TTCAG, shown in red) to the initiating ATG (shown in green), are shown for each of the constructs. Only the nucleotides shown in bold differ between constructs: pJFRC13 (29); Syn21, pJFRC80 (see Methods); L21, pJFRC83 (35) ; AcNPV, pJFRC84 (10); EoNPV, pJFRC85 (9); and TMV, pJFRC86 (11) . To make the constructs used to test the effects of altering the 3′-UTR, either the WPRE element (33) was placed between the GFP gene and the SV40 terminator (GFP-WPRE) or the SV40 terminator was replaced by the terminator from the AcNPV p10 gene (GFP-p10) (25) . The constructs were all inserted in the same genomic location (attP2) to equalize extrinsic effects on expression. translational enhancers have allowed us to overcome this limitation, as demonstrated by the constructs described below and listed in Table 1 .
Neurophysiological experiments are best performed using cytoplasmic markers and probes of activity, because exogenous highly expressed membrane-associated proteins are considered more likely to interfere with the electrical properties of the cell. However, it has been difficult to achieve expression levels of cytoplasmic markers sufficient to visualize fine neuronal processes, because of their small volume. As a result, experimenters have often resorted to fusions of GFP to transmembrane proteins, such as CD8 (37) and CD4 (34) , or to a protein domain that becomes N-myristoylated (29, 38) . The increased levels of expression of cytoplasmic markers we can obtain by including the p10 UTR permits the fine processes of the neurons to be clearly visualized (compare Fig. 3 I, K, and L) . We also observed that, unlike the SV40 UTR (32), the p10 3′-UTR supports robust expression in the female germline (Fig. 3 M and N) .
Likewise, we have constructed vectors for expressing several other proteins that have previously required multiple transgene copies to yield effective concentrations, including photoactivatable GFP (39, 40) , GFP-Aequorin (41), and GCaMP3 (42). Single-copy insertions of these constructs achieve sufficient expression levels to perform well, based on initial tests performed in a number of laboratories. We also generated LexA-controlled versions of many of these constructs (see Table 1 ).
Finally, we made a series of constructs expressing temperaturesensitive variants of the dynamin protein, a GTPase required for synaptic vesicle recycling, encoded by the Shibire gene (43) (44) (45) (46) . Dynamin is among the most abundant gene products in the brain; its transcript ranks in the top 3% of brain mRNAs (47) . The temperature-sensitive dynamin encoded by the transgene acts as a dominant negative at the nonpermissive temperature and must :GFP-p10 construct (pJFRC101) inserted at the VK00005 (O) or attP2 (P) genomic integration sites. The R66A12-GAL4 driver was used to generate the data shown in A-L and O and P. The R34C10-GAL4 driver was used for M and N.
be expressed at high levels to poison the function of endogenous dynamin. Achieving these levels with most GAL4 drivers has required multiple insertions of a UAS-Shibire ts1 transgene (31, 48) , with the commonly used effective stocks, such as the Kitamoto III stock, containing several copies. The need for multiple insertions greatly complicates stock construction and standardization of genetic background, which can be a critical factor in behavioral experiments.
To express the Shibire ts1 protein at high levels, we made constructs in which the p10 3′-UTR and, in some cases, the Syn21 translation enhancer were included (see Table 1 ). We also made a version in which Shibire ts1 was fused at its C terminus to GFP (pJFRC101); when crossed to the R66A12-GAL4 line, expression in the expected pattern and level was observed (Fig. 3 O and P). To allow for even higher expression from a single chromosomal site, we also constructed a tandem dimer of two 20XUAS-Shibire[ts1]-p10 constructs (pJFRC100).
In addition to the widely used Shibire ts1 allele, we also made constructs expressing the Shibire ts2 (45), Shibire EM33 (46), and Dynamin4 ts1 alleles (49) . (The Dynamin4 isoform is a splice product of the Shibire gene that results in a C-terminal extension of 48 amino acids.) We found that the Shibire EM33 protein reduced viability when used with the broadly expressed driver R57C10-GAL4, even at the permissive temperature. We also observed pronounced swelling of fine processes when a GFP fusion to Shibire EM33 was expressed using R66A12-GAL4. The Shibire ts2 and Dynamin4 ts1 constructs did not decrease viability but did not perform as well as those made with Shibire ts1 ; we, therefore, decided to proceed only with Shibire ts1 allele.
We first tested the Shibire ts1 constructs by crossing them to R57C10-GAL4 and measuring the amount of time at restrictive temperature (30.6°C) required to induce flies to fall off the walls of the vial (Fig. 4A ). Flies expressing a single copy of the Shibire ts1 transgene with either the p10 UTR (pJFRC98) or with both the Syn21 and p10 sequences (pJFRC99) became incapacitated in a period comparable to the most effective published stock from Kitamoto [UAS-Shibire ts1 (Kitamoto III)] (31). Flies expressing the tandem Shibire[ts1]-p10 construct (pJFRC100) were affected more rapidly than the Kitamoto stock (n = 4; P < 0.05). The construct expressing a Shibire[ts1]::GFP fusion gene (pJFRC101) had a reduced effect, suggesting that the GFP fusion had either decreased its expression or impaired its ability to compete with endogenous dynamin. We also generated a LexAop2-Syn21-Shibire[ts1]-p10 construct (pJFRC104), which functioned effectively when crossed to R57C10-LexA, meaning LexA drivers can now be used with the Shibire[ts1] effector. We then assayed a subset of the constructs in assays for startle response (Fig. 4B) and phototaxis (Fig. 4C) , which used a GAL4 driver with more limited expression (R21C07-GAL4); pJFRC100 performed similarly to the Kitamoto stock and pJFRC101 was weaker (n = 6).
The availability of a series of Shibire effector constructs that vary in expression levels allows the use of the weakest construct that yields a behavioral effect with a given GAL4 driver. This can be important because very high levels of Shibire expression have been shown to be toxic even at the permissive temperature (50) .
In conclusion, we have shown that several established translational enhancers from other species are effective in Drosophila and can be used to increase protein yields by a factor of more than 20. We have used those elements to generate a series of enhanced expression vectors and have demonstrated their utility in a variety of applications.
Methods
Molecular Biology and Drosophila Genetics. Standard methods were used to generate the constructs used in this study, as described elsewhere (29, 36) . The p10 UTR, C-terminal extension of dynamin4, and three small regions of Shibire, which encode the ts2 mutation, the EM33 mutation, or a small fragment corresponding to but lacking the ts1 mutation, were synthesized by DNA2.0. The 666-bp p10 UTR was cloned 5′-XbaI to 3′-FseI into pJFRC13 and pJFRC12 after removal of the SV40 UTR to generate pJFRC28 and pJFRC29, respectively. Synthetic oligonucleotides (IDT) for Syn21, L21, AcNPV, EoNPV, and TMV were used to amplify Drosophila codon-optimized GFP from pJFRC13 and the products cloned 5′-KpnI and 3′-XbaI into the pJFRC13 backbone in place of the GFP gene. pJFRC98 and pJFRC99 were generated by PCR amplifying the Shibire ts1 gene (gift of Jon-Michael Knapp, Janelia Farm Research Campus, Ashburn, VA), alone or with Syn21, and cloning the products as 5′-XhoI to 3′-KpnI fragments into a modified version of pJFRC7 that contained 20× UAS sites and the p10 UTR. pJFRC100 was generated as follows: pJFRC98 was cut with FseI and ligated with the insulated spacer described previously (29) to generate 20XUAS-IVS-Shibire [ts1]-p10-INS. Then, a second aliquot of pJFRC98 was cut with HindIII, made blunt using PfuUltra High-Fidelity enzyme (Agilent Technologies), cut with PmeI, gel-purified, and cloned into PmeI-digested 20XUAS-IVS-Shibire[ts1]-p10-INS. pJFRC101 was generated by triple ligation of the following: the Shibire ts1 coding region, PCR amplified to include 3 C-terminal glycine residues and 5′-XhoI and 3′-ScaI flanking restriction sites; Drosophila codonoptimized GFP from pJFRC13, amplified 5′-ScaI to 3′-KpnI; and XhoI-plus KpnI-cut pJFRC98. The resultant Shibire[ts1]::GFP fusion contains a 5-aa linker consisting of GGGST between the Shibire protein and GFP. pJFRC104 was generated by cloning the 5′-XhoI to 3′-FseI fragment of pJFRC99 that contains Shibire ts1 and the p10 UTR into pJFRC19, after removal of the myr::
GFP gene and the SV40 UTR. Plasmid constructs pJFRC28 and pJFRC81 are available from Addgene. To generate constructs expressing another protein instead of GFP, one would simply amplify the gene encoding that protein with a 5′ primer beginning with a KpnI site and a 3′ primer with an XbaI site and clone into KpnI-plus XbaI-digested pJFRC28. To add the Syn21 sequence, the Syn21 sequence would be included in the 5′ primer. The DNA fragments contained in R21C07, R66A12, and R57C10 were derived from the nAcRα-7E (PCR primers: gacgactgtcacctgcgagtgtaag and gcaagaagccaagttgtcatgcggt), Atpα (PCR primers: caccccgcgtatcctgtggattgtt- pJFRC2  10XUAS-IVS-mCD8::GFP  pJFRC12  10XUAS-IVS-myr::GFP  pJFRC13  10XUAS-IVS-GFP  pJFRC14  10XUAS-IVS-GFP-WPRE  pJFRC27  13XLexAop2-IVS-GCaMP3-p10  pJFRC28  10XUAS-IVS-GFP-p10  pJFRC29  10XUAS-IVS-myr::GFP-p10  pJFRC57  13XLexAop2-IVS-GFP-p10  pJFRC59 13XLexAop2-IVS-myr::GFP-p10 pJFRC65 13XLexAop2-IVS-GFP-aequorin-p10 pJFRC80
A description of constructs referred to in this report is shown. pJFRC2, pJFRC12, pJFRC13, and pJFRC14 were described previously (29) . See Methods and Ref. 29 for additional information. The photoactivatable GFP variants used to construct pJFRC90 to pJFRC95 have been described previously: mPA (53), mSPA (40) , and mC3PA (40) .
gcat and cctcgttctaagattccctctcaag), and n-syb (PCR primers: atttcccaccccttggccatcggca and gttctagagggttgcgctctcagtg) genes, respectively. Transgenic lines were generated by Genetic Services. Insertions of the transgenes into the attP2 site were used in all experiments, unless otherwise noted in the text.
Histological Methods. Dissected tissues from animals grown at 25°C were fixed for 1 h in 4% (vol/vol) buffered formaldehyde, and then repeatedly rinsed in PBS with 1% Triton-X 100 (PBS-TX). In most instances, GFP was detected immunologically by incubating the tissues overnight in a 1:1,000 dilution of a rabbit anti-GFP antiserum (Invitrogen) in PBS-TX, followed by rinses and overnight incubation with donkey Alexa488-anti-rabbit IgG (Invitrogen) in PBS-TX. Following multiple rinses, tissues were mounted on a poly-L-lysine-coated cover-slip, dehydrated through an ethanol series, cleared in xylene, and mounted in DPX Mountant (Electron Microscope Sciences). For detection of native GFP, fixed tissues were rinsed three to four times in PBS-TX, attached to a poly-L-lysine-coated coverslip, and mounted in VectaShield (Vector Labs).
Confocal Z-stacks were collected at 63× and 0.5-μm intervals using a Zeiss 510 confocal microscope. During the imaging of a series of genotypes, the gain was kept constant, so that images could be compared within each series. The image stacks were processed using Image J (National Institutes of Health) to produce Z-projections and cross-sectional views of each genotype.
For the quantification of native GFP levels, we collected 63× Z-stacks for five nervous systems per genotype. Five to 10 cell bodies were chosen from each confocal stack. We chose the brightest optical section for each cell body, selected the pixels within that section and determined the average pixel intensity using the Measure tool from Image J. The average cell body intensity was then calculated for each nervous system, and a final average was then computed for each genotype.
Native Polyacrylamide Gel Electrophoresis and In-Gel Fluorescence Quantification. Dissected central nervous systems from 20 larvae of each genotype grown at 25°C were pooled and placed in 50 μL of lysis buffer (Cell BioLabs; GFP Quantification Kit) containing a 1:100 dilution of a mixture of protease inhibitors (Sigma-Aldrich; catalog no. P 1860). The samples were homogenized using a sterile rod in a 1.5-mL conical tube, followed by two sonication bursts (20 s at ∼24 W). Following centrifugation at room temperature for 30 min at 15,000 × g, a 15-μL aliquot of each supernatant was mixed 1:1 with a buffer containing 100 mM Tris (pH 6.8), 10% (vol/vol) glycerol, 0.05% bromophenol blue, 10 mM 2-mercaptoethanol, and 2% (wt/vol) octyl-β-D-glucopyranoside (Anatrace). The samples were loaded onto a gradient (4-20%) native polyacrylamide gel and subjected to electrophoresis. Once the run was complete, fluorescence was imaged using a FOTO/ Analyst workstation equipped with a diode array (Fotodyne). Quantification of the fluorescence intensity was carried out using the TotalLab Quant software. No fluorescence was detected in the pellet following centrifugation or at the stacking gel indicating that the vast majority of the GFP migrated into the separating gel.
Behavioral Assays. To assay the efficacy of the Shibire ts1 constructs, we measured the time after shift to an elevated temperature it took for flies to lose motor control and fall off the side of a vial. Flies were reared at room temperature (∼22°C). Two-to 5-d-old flies were anesthetized with carbon dioxide; groups of 20 flies, approximately equal numbers of males and females, were put into new vials and allowed 1 d to recover. Fresh vials were preheated for 24 h at 30.6°C. Flies were quickly transferred from room temperature vials to the preheated vials and observed for 6 min at 30.6°C. Time to falling was recorded, scored as the amount of time from transfer to time it took for all 20 flies to fall from the top or sides to the bottom. We also measured the efficacy of the Kitamoto, pJFRC100, and pJFRC101 stocks to effect phototaxis and locomotion using assays similar to those developed by others (51, 52) . Five male R21C07-GAL4 flies were crossed to 5 females from each effector line, and the resulting offspring were aged between 3-7 d and sorted into 6 groups of 15 males of each genotype on a cold plate and then assayed in separate tubes. Flies were starved on agar between 1 and 4 h before assaying. The differences for locomotor response at 1 s after a startle stimulus and for phototaxis to UV light were compared with the control cross of the pBDPGal4U line (36) , to the same effectors.
ACKNOWLEDGMENTS. We thank William Rowell and Wyatt Korff for performing the behavioral assays shown in Fig. 4 B and C and the Janelia Farm Fly Olympiad Project Team for developing these assay methods, Hongjin Zheng and Tamir Gonen for the gel-based quantification of GFP levels, Hui-Min Chen and Tzumin Lee for data shown in Fig. 3 M and N, and Karen Hibbard for stock construction. Robin Harris provided critical feedback and shared preliminary results. The Janelia Farm Molecular Biology Shared Resource performed DNA sequencing. Transgenic lines were generated by GSI, Inc. Crystal Sullivan provided administrative support. to induce loss of motor control was compared with that of the Kitamoto stock. pJFRC98, pJFRC99, pJFRC100, and pJFRC101 were crossed to a pan-neuronal GAL4 driver, R57C10-GAL4, and pJFRC104 was crossed to R57C10-LexAp65 (in VK00027). The times for flies to fall from the side of the vial at 30.6°C are shown (mean ± SD). The progeny of control crosses of the same effectors to the BDPGal4U line, which does not express significant amounts of GAL4 in the adult nervous system (36) , were all still on the side of the vial after 360 seconds, when the experiment was terminated. The pJFRC effector constructs were inserted into the VK00005 genomic site; see Table 1 for details of the constructs. (B) Effectiveness of the pJFRC100, pJFRC101, and Kitamoto stocks in decreasing locomotor response to startle was compared (all values are mean ± SD). The effectors were each crossed to the control GAL4 driver, BDPGal4U, or to a driver line, R21C07-GAL4, that was expressed in the optic lobes and a small proportion of central brain and ventral nerve cord neurons. Flies normally respond to a startle by an increase in locomotion. The extent to which each of the effector lines was able to suppress this response is shown. (C) Flies show a strong phototaxis response to UV light. The same genotypes as in B were assayed for phototaxis. A phototaxis score was calculated by averaging the median displacement of six tubes of flies toward lights and normalizing by the length of the tubes (mean ± SD). This is a normalized metric for the strength of attraction toward light where a value of one indicates that the population of flies congregates as close to the light as possible and a value of zero indicates no attraction.
